Background: Fas ligand expression by cells of the vessel wall has been proposed to play a role in normal and pathologic conditions. Genetic engineering of vascularized organs for endothelial cell (EC) expression of FasL could protect the endothelium and underlying tissues from infiltrating Fasϩ leukocytes. Nevertheless, the endogenous expression of FasL by ECs of different species and the potential deleterious effects of enforced FasL expression by ECs are largely unknown. In human ECs, levels of FLICE/caspase 8-inhibitory protein (FLIP) have been shown to control apoptosis mediated by Fas. Materials and Methods: Cell surface expression of FasL in rat, mouse, human, and pig ECs was obtained using recombinant adenoviruses or transient plasmid transfection assays. FasL expression was evaluated by FACS analysis and cytotoxicity assays. Apoptosis was evaluated using annexin V, TUNEL, and cytotoxicity assays. FLIP levels
Introduction
Fas ligand (FasL, APO-1L, or CD95L) is a type II transmembrane protein of 37-40 kDa that belongs to the tumor necrosis factor (TNF) family (1) . FasL interacts with its receptor Fas (APO-1, CD95), a member of the TNF receptor family expressed in many different cell types. Ligation of Fas induces apoptosis through recruitment of the adaptor protein Fasassociated death domain (FADD) and caspase-8 (or FLICE), which activates downstream caspases that result in irreversible cell damage (1) . FasL plays a major role in cytotoxicity mediated by cytotoxic T lymphocytes and natural killer (NK) cells and maintenance of immune homeostasis (1) . FasL was originally reported to be expressed on the cell surface of activated T cells and resting NK cells (1) , but more recent studies have shown a more widespread expression on other cell types, such as Sertoli cells, cells from the eye, placenta cells, and astrocytes (2) . FasL expression in nonimmune tissues has been shown to participate in organ-specific immune privilege by preventing infiltration of these tissues by Fasϩ leukocytes (3) . This property of FasL has been exploited with success by ectopically expressing FasL to prevent tissue destruction in autoimmune diseases (4) or in some transplantation models (5) (6) (7) (8) . Nevertheless, de novo expression of FasL by tumor cells (9) or by certain grafts from FasL transgenic animals (10, 11) has also been associated with inflammation and accelerated rejection. FasL has also recently been described as being expressed constitutively in the cytoplasm of hematopoietic cells, such as monocytes (12) , and NK cells (13) .
Endothelial cell (EC) apoptosis has been shown to be an important feature in several vascular and immune-mediated pathologic conditions, such as endotoxic shock (14) , transplant coronary disease (15) , thrombotic thrombocytopenic purpura (16) , IL-2-induced vascular leak syndrome (17) , atherosclerosis (18) , and acute graft versus host disease (GVHD) (19) .
Cultured primary human ECs from aortas or umbilical vein origin have recently been described These results show that enforced expression of FasL in ECs can result in apoptosis depending on the species origin of the ECs and underline the fact that Fas-mediated apoptosis of ECs represent an important pathologic mechanism of immune disorders.
Materials and Methods

Cell Culture
Primary ECs from rat hearts and aortas were obtained and cultured as previously described in detail (30) . Porcine aortic ECs and human umbilical vein EC (HUVEC) were obtained and cultured by the same procedure described for rat aortic ECs. Primate COS cells, murine A20 cells (31) , human Jurkat, murine L5178Y, and L5178Y-FasL cells (expressing or not cell-surface rat or mouse FasL) (32) , SVHUK (SV40 immortalized human vascular smooth muscle cells positive for ␣-actin and negative for EC markers) were cultured in RPMI culture medium containing 10% heat-inactivated FCS and 1 mM of glutamine at 37 ЊC, 5% CO 2 . Jurkat cells were stimulated with concanavalin A for 48 hr. The mouse 2F2B endothelial cell line (33) (American Tissue Culture Collection, Bethesda, MD, USA) was kindly provided by Dr. M. Soares (Institut Gulbenkian de Cienca, Portugal) and was grown in DMEM culture medium containing 10% heat-inactivated FCS and 1 mM of glutamine at 37 ЊC, 5% CO 2 .
Antibodies
Antibodies used in this study were mouse mAbs against human FasL cross-reacting with mouse and rat FasL, clone 33 (IgG1, Transduction Laboratories, Lexington, KY, USA) and clone G247-4 (IgG1, PharMingen, San Diego, CA, USA); hamster antimouse FasL mAb cross-reacting with rat FasL, clone MFL4 (32); mouse mAb anti-rat ICAM-1 (IgG1, Seikagaku America Inc, Rockville, MA, USA); as a negative control, mouse mAb anti-human CD16 (clone 3G8, IgG1); hamster anti-mouse Fas agonistic mAb (Jo-2, PharMingen); mouse anti-human Fas cross-reacting with rat Fas, clone 13 (Transduction Laboratories); mouse anti-␣-tubulin mAb (IgG1, Calbiochem, Cambridge, UK); and rabbit anti-von Willebrand factor (Dako, Glostrup, Denmark). A rabbit anti-human FLIP antibody (26) (kindly provided by Dr. K. Walsh, St. Elizabeth's Medical Center, Boston, MA, USA) and a rat anti-human FLIP MAb (clone Dave-2, cross-reacting with mouse FLIP) (Alexis, San Diego, CA, USA) were used to detect FLIP.
Western Blot Analysis
Cells were washed in PBS, trypsinated, and incubated in lysis buffer (0.1% SDS, 1% NP40, 0.5% deoxycholic acid, 1% PMSF and 10% aprotinin in 10 mM Tris pH 7.4) (all from Sigma, St. Louis, MO, USA). Twenty micrograms of protein, measured using a BCA kit (Pierce, Rockford, IL, USA), were as constitutively expressing cell-surface FasL (20) , whereas murine liver ECs do not show expression of FasL (21) . TNF-␣ was shown to down-regulate cellsurface expression of FasL in human ECs, promoting tissue infiltration by leukocytes (20) . Human ECs have been described as resistant to Fas-mediated apoptosis in vitro (20, 22) and following culture with oxidized-low-density lipoproteins (23) or extracellular matrix detachment (24) , become susceptible to Fas-dependent apoptosis. In contrast, resting human subretinal choroidal capillary ECs were sensitive to apoptosis (25) . Murine ECs in resting conditions are sensitive to apoptosis induced by antiFas monoclonal antibodies (mAbs) in vitro (21) and importantly in vivo (19) . Sensitivity of human EC (24, 26, 27) to Fas-mediated apoptosis has been shown to be dependent on down-regulation of FLICE/caspase 8-inhibitory protein (FLIP), an endogenous dominant-negative inhibitor of caspase-8. Fas and FasL have been shown to be directly responsible for EC apoptosis in some immunemediated pathologic conditions (15, 17, 19) .
On the one hand, these results suggest that continuous expression of FasL by ECs could protect underlying tissues during inflammation by preventing leukocyte extravasation. Therefore, continuous expression of cell-surface FasL by ECs, either through generation of transgenic animals or after gene transfer, may provide protection against tissue destruction during inflammation by inducing apoptosis of Fasϩ infiltrating leukocytes in situations such as allograft rejection, sepsis, and atherosclerosis. The generation of transgenic animals expressing FasL by ECs has been proposed as a therapeutic strategy for xenotransplantation (28) . On the other hand, expression of FasL by ECs could be deleterious because ECs can, under certain circumstances, be susceptible to apoptosis mediated by autocrine Fas-FasL interactions (23, 26) .
The aims of this work were to analyze the expression of FasL by rat heart microvascular and aorta ECs, to genetically engineer expression of FasL at high levels at the cell surface of rat ECs using transgenic technology and adenoviral vectors and finally, to analyze the consequences of FasL expression on ECs. The rat was chosen as a model because of its convenient size for transplantation of vascularized organs and for the availability of transgenic technology (29, 30) . Results obtained with rat ECs were compared to those of ECs of mouse, human, and pig origin.
Our results show that resting cultured ECs of rat, mouse, human, and pig origin express FasL mostly intracellularly and that high level cellsurface expression of FasL in rat or mouse but not in human or pig ECs results in apoptosis. FLIP levels in rat and mouse ECs were greatly diminished compared to human and porcine ECs and transfection of rat ECs with FLIP partially protected the cells from Fas-mediated apoptosis. boiled for 3 min in SDS sample buffer and loaded onto 10-12% SDS-polyacrylamide gels followed by electrophoresis and blotting onto nitrocellulose membranes. Membranes were then blocked (overnight, 4 ЊC) with PBS/0.2% Tween-20/5% nonfat dry milk for all the antibodies with the exception of the rabbit anti-FLIP antibody (blocked for 1 hr at room temperature with PBS/0.2% Tween-20/2% nonfat dry milk). Membranes were then incubated (2 hr at room temperature) with 1 g/ml of the different antibodies using the same blocking solution. Membranes were then washed and incubated (2 hr at room temperature) with horseradish peroxidaselabeled secondary antibodies (Jackson Immunoresearch, West Grove, PA, USA) and detected with enhanced chemoluminiscence (Amersham, Freiburg, Germany) using x-ray films.
Cytofluorometry and Immunocytology
FasL was analyzed by cytofluorimetry and immunocytology on permeabilized or nonpermeabilized ECs. Culture of ECs was performed in the presence of 1 g/ml of KB8301 (PharMingen), an inhibitor of metalloproteinases responsible for cleavage of FasL, which was added 12 and 1 hr before analysis. Adherent cells were detached by a very brief incubation with trypsin (0.05%) and EDTA (0.02%) and immediately resuspended in culture medium. Permeabilization was obtained by incubating ECs (20 min at room temperature) with a solution containing 2% paraformaldehyde (Merck, Darnstadt, Germany) and 0.5% saponin (Sigma) in PBS. With permeabilized cells, all subsequent solutions contained 0.1% saponin. For cytofluorometric analysis, ECs were incubated with 10 g/ml of the different antibodies, washed, incubated with FITC-labeled secondary antibodies, washed, and fixed before analysis with a FACScalibur cytofluorometer (Becton Dickinson, Mountain View, CA, USA).
Immunostaining of isolated cells was performed on cells cultured with KB8301, transferred onto glass slides by cytocentrifugation (2 ϫ 10 4 cells), fixed and permeabilized. Cytospun cells were then hydrated with PBS, incubated with 0.3% hydrogen peroxide in methanol (1:10 vol:vol), and blocked with rat serum at 10% in PBS/BSA 1%. Thereafter, cytocentrifuged cells were incubated with primary antibodies at 10 g/ml, washed, incubated with biotin-conjugated secondary antibodies, followed by horseradish peroxidase-conjugated streptavidin (Vector Laboratories, Burlingame, CA, USA), and then revealed with VIP substrate (Vector Laboratories). All incubations were performed at room temperature in a humid chamber.
Cytotoxicity Assay
The mouse Fas-sensitive cell line A20 was used to measure the killing activity of ECs. A20 cells (10 4 Cr-labeled human Jurkat cells were used to evaluate the apoptosis mediated by rat FasL by incubating (4 hr at 37 ЊC) with increasing numbers of COS cells transduced with AdFasL.
51
Cr release in the supernatant was measured using a scintillation counter and the percentage of specific cell lysis was calculated by the formula: 100 ϫ (experimental cpm-cpm medium only)/(100% lysis cpm-cpm medium only). One hundred percent lysis was obtained by incubating cells with 1% SDS.
To induce apoptosis by staurosporine or etoposide (diluted in DMSO), cells were plated overnight in triplicate in flat-bottom 96-well plates (1.5 ϫ 10 4 cells per well) and cultured with the indicated concentrations of these compounds for 8 hr.
Recombinant Adenovirus and Cell Transduction
AdFasL contains an expression cassette with the human CMV promoter, an SV40 intron, the rat FasL cDNA, and SV40 polyadenylation sequences, and was constructed, propagated, and titered as previously described for other adenoviral vectors (34) . AdlacZ coding for nls-␤-galactosidase (␤-Gal) (35) and AdIB expressing IB␣ (36) (kindly provided by Dr. R. de Martin, Department of Vascular Biology, University of Vienna, Austria) have been previously described. Endothelial or COS cells (2 ϫ 10 5 in 6-well plates) were incubated with adenoviruses at various multiplicity of infection (MOI) ranging from 1.5 to 500 PFU/cell at 37 ЊC for 90 min under agitation in 0.6 ml of DMEM supplemented with 1% FCS. At the end of the incubation period, medium containing the adenoviruses was removed and medium supplemented with 10% FCS (2 ml) was added. Cell viability was analyzed after removal of floating cells. Apoptosis and lacZ expression was evaluated after 18 hr of culture on floating and adherent cells pooled together.
DNA Constructs and Plasmid Transfection
In the pCMVFasL and pCMVlacZ plasmids, rat FasL cDNA (kindly provided by S. Nagata, Osaka University, Osaka, Japan) or Escherichia coli ␤-Gal coding sequences were placed under the control of the human cytomegalovirus (CMV) promoter. The pCMVFLIP plasmid coding for the long isoform of mouse FLIP (FLIP L ) under the control of the human CMV promoter was kindly provided by Dr. Y. Pewzner-Jung (Rockefeller University, NY, USA). Endotoxin-free plasmids for EC transfection were purified using the EndoFree kit (Qiagen, Hilden, Germany). Rat aortic ECs (2 ϫ 10 5 in 6-well plates) 10% FCS and 1 mM of glutamine. Pieces of aorta were then analyzed using X-Gal or biotinylated annexin V, revealed with streptavidin-peroxydase and VIP substrate, and observed with a conventional microscope.
Results
Rat EC Express Predominantly Intracellular FasL
To overexpress cell membrane FasL on rat ECs we first generated transgenic rats (38) using the ICAM-2 endothelial-specific promoter (previously used to generate transgenic rats [30] ) and a tetracyclineinducible system. All rat transgenic lines for FasL (six lines) showed mRNA for transgene-derived cell membrane FasL with some control by the tetracycline system (data not shown). Nevertheless, even in the lines with higher mRNA levels, FasL expression was low because it was detectable at the mRNA level only after RT-PCR amplification (38) and was not detectable at the protein level (data not shown).
Despite human ECs having been described as being resistant to Fas-mediated apoptosis and expression of cell-surface FasL (20), we hypothesized that failure to obtain transgenic rats expressing significant levels of cell membrane FasL could be due to uterine loss of animals expressing FasL due to leaky expression of the tetracycline-inducible system and sensitivity of rat ECs to FasL-mediated apoptosis.
Western blot analysis of rat aortic ECs (Fig. 1A ) and human ECs (data not shown) with anti-FasL mAb showed the presence of a single band of the expected molecular weight (38 kDa) that had the same gel mobility as FasL from activated Jurkat cells, whereas, as previously described (39), smooth muscle cells were negative (Fig. 1A) . Rat heart ECs were also positive for FasL expression (data not shown).
We questioned whether rat ECs express FasL on the cell surface and because intracellular FasL has been described in monocytes (12) , NK cells, and CTLs (13), we also analyzed this cellular compartment for FasL expression. Nonpermeabilized primary rat ECs obtained from hearts or aortas showed very low or undetectable levels of cell-surface FasL, as assessed by FACS analysis with two different anti-FasL mAbs (clones 33 and G247-4) (Fig. 1B) . When permeabilized ECs were analyzed, both types of EC were shown to be positive with both antiFasL mAbs (Fig. 1B) . As control antibodies, isotype control 3G8 mAb was negative for cell-surface and intracellular staining, the anti-ICAM-1 mAb was positive only for cell-surface staining, and the antivWF antibody showed only intracellular reactivity (Fig. 1B) . Permeabilized HL-60 and Jurkat cells were used as negative and positive cellular controls of intracellular staining for FasL, respectively (data not shown).
Predominant intracellular expression of FasL on rat ECs was confirmed morphologically on cytospun were plated overnight and transfected using the Superfect transfection kit (Qiagen) or Lipofectamine (Gibco, Cergy Pontoise, France). Cotransfection of rat aortic ECs was performed using 0.33 g/well of pCMVFasL together with 0.66 g/well of either pCMVlacZ or pCMVFLIP. Cell viability, apoptosis and ␤-Gal expression were evaluated after 24 or 48 hr of culture. 
Detection of ␤-Gal and Apoptosis in Adenovirus-
In Situ Adenoviral Transduction of Endothelium and Analysis of Apoptosis
Efficient transduction of quiescent endothelium with adenoviruses was obtained using a technique previously described (37) . Briefly, abdominal aortas were excised from male Sprague-Dawley rats, opened longitudinally, cut into pieces of 3 ϫ 4 mm, transduced with 10 10 PFU of adenoviruses and cultured (36 hr at 37 ЊC, 5% CO 2 ) with the endothelial face facing the top in DMEM supplemented with Cr-labeled A20 cells as targets and rat heart ECs or COS cells as effectors (100 to 1 target to effector ratio). COS cells were transduced with AdlacZ or AdFasL (100 PFU/cell), cultured overnight, and then used as negative and positive controls, respectively. The agonistic anti-Fas mAb Jo-2 was used as an additional positive control. (E) FACS analysis of FasL expression on human, mouse, and pig ECs permeabilized or not for intracellular or cell-surface staining respectively with antibodies: negative control (3G8, thin histograms); anti-FasL (clone G247-4, thick histograms). Results are representative of four experiments. and permeabilized cells. Rat EC FasL reactivity was detected intracellularly with clone 247-4 ( Fig. 1C ) and 33 (data not shown) anti-FasL mAbs, as well as for vWF used as an intracytoplasmic control, whereas ICAM-1 was detected on the cell-surface (Fig. 1C) .
To test for the presence of functional cell-surface FasL on rat ECs, we used A20 cells as targets and rat ECs as effectors in cytotoxicity assays. A20 cells incubated with heart EC or aortic rat EC were not killed, whereas A20 cells incubated with an agonistic anti-Fas mAb or with COS cells transduced with AdFasL but not with AdlacZ showed over 50% specific lysis (Fig. 1D) , as previously described (31) . The absence of detectable apoptosis against A20 cells was also confirmed using rat ECs, which were left adherent prior to and during the cytotoxicity assay (data not shown), indicating that absence of FasL could not be explained by protein digestion during cell harvesting using trypsin.
FACS analysis of FasL expression on ECs of other species showed that in human, mouse, and porcine ECs, the large majority of FasL was also expressed intracellularly and that cell-surface expression was low (in human EC) or undetectable (in mouse and porcine EC) as analyzed with both antiFasL mAbs (Fig. 1E for clone G-247-4 and data not shown for clone 33).
These results indicate that FasL present in rat ECs from both microvascular and large vessels is exclusively expressed intracellularly. Expression of FasL in ECs from other species is also largely predominant within ECs, although low cell-surface expression was detectable in human cells.
Rat EC Die by Fas-Dependent Apoptosis Following Expression of Cell-Surface FasL
Because transgenic rats expressing cell membrane FasL could not be obtained and rat ECs expressed FasL intracellularly, we asked whether cell surface overexpression of FasL would result in rat EC apoptosis.
Rat EC transduction with AdlacZ at 100 PFU/cell resulted in 60-80% of ␤-Gal ϩ cells (data not shown) and no cell death ( Fig. 2A) , whereas rat EC transduction with the same dose of AdFasL showed a large majority of cells with characteristics of dead cells (Fig. 2B) , which was confirmed by their uptake of eosin (data not shown). TUNEL analysis of AdlacZ (Fig. 2C) and AdFasL-transduced (Fig. 2D ) cells confirmed the apoptosis of rat ECs only after AdFasL transduction. Annexin-V staining of AdlacZ-transduced cells showed no increase in apoptotic cells compared to nontransduced cells (Fig. 2E) , whereas apoptosis was confirmed in 60-90% of AdFasL-transduced cells (Fig. 2F ). Incubation with a neutralizing anti-FasL mAb confirmed that apoptosis was FasL-dependent because it reduced labeling with annexin V (Fig. 2F ) almost to nontreated control levels and increased cell viability (data not shown). Apoptosis of rat ECs after adenovirus-mediated membrane expression of FasL was dose-dependent; incubation of rat ECs with 1.5, 3, 6, 12, 25, 50 and 100 PFU of AdFasL resulted in 5, 15, 18, 30, 37, 38 Therefore, we compared the apoptosis of ECs from different species following transduction with AdFasL. Preliminary experiments enabled the definition of the MOI for AdFasL and the time of culture that would result in optimal expression of FasL in the different EC types. Rat and mouse ECs expressed lower levels of FasL (even at MOI of 500, data not shown) compared to human and porcine ECs (Fig. 3A) . Expression levels of FasL did not correlate with induction of apoptosis because rat and mouse ECs showed high levels of apoptosis (Ͼ75%), whereas human and pig ECs displayed no apoptosis (Ͻ2%) as detected by binding of annexin V (Fig. 3A) . Transduction of ECs from these different species with AdlacZ at an MOI of 100 resulted in Ͼ75% transduction as evaluated by X-Gal staining (data not shown). Lower expression levels of FasL in rat and mouse ECs probably reflects poor viability due to ongoing apoptosis.
Western blot analysis of Fas expression by ECs from different species revealed a band of expected molecular weight (45 kDa) comparable to that of Jurkat used as positive control in ECs of human, porcine, and rat origin (Fig. 3B) . Therefore, resistance to FasL-mediated apoptosis by ECs from porcine or human origin and sensitivity by rat ECs cannot be explained by absence or higher expression of Fas, respectively.
Although mouse FasL is able to mediate apoptosis of human cells and therefore does not show species restriction (40), we analyzed whether rat FasL was also capable of inducing apoptosis of human cells. COS cells expressing rat FasL after transduction with AdFasL-induced apoptosis of human Jurkat cells (41.18 Ϯ 2%), whereas AdlacZ-transduced and 47% of annexin V-positive cells, respectively. Apoptosis was also time-dependent because culture of rat ECs for 2, 4, 8 and 18 hr with AdFasL (MOI of 100 PFU) resulted in 3, 9, 39 and 63% of annexin V-positive cells, respectively. Transduction of heartderived primary rat ECs with AdFasL also resulted in massive apoptosis (data not shown). COS cells transduced under the same conditions (and up to 500 PFU) showed functional cell-surface FasL expression (Fig. 1D) and no cell death (data not shown), excluding a nonspecific toxicity in the AdFasL preparation that killed rat EC. To exclude potential pro-apoptotic signals due to adenovirus transduction of EC that could cooperate with FasL in the induction of apoptosis, FasL was also expressed by transient plasmid transfection. TUNEL assays did not reveal significant numbers of apoptotic cells after transfection of rat ECs with pCMVlacZ ( Fig. 2G ) (which resulted in approximately 5% of Xgalϩ cells), whereas transient transfection with the phCMVFasL plasmid resulted in detection of a comparable percentage of apoptotic cells (Fig. 2H) .
Thus, rat ECs die by apoptosis after overexpression of FasL and this apoptosis is dependent on the interaction of FasL with cell surface Fas.
EC of Mouse but not of Human or Porcine Origin Die by Apoptosis Following Expression of Membrane FasL
Published results concerning the sensitivity of ECs from different species to Fas-mediated apoptosis are contradictory. Human ECs in the resting state have been previously reported to be resistant to Fasmediated apoptosis (20, 22) although human capillary ECs were shown to be sensitive (25) . On the other hand, mouse ECs were reported to die by apoptosis in vitro (21) and in vivo (19) . COS cells did not (0.5 Ϯ 0.6%) (12.5 to 1 ratio). Thus, apoptosis of rat and mouse ECs and not of human or pig ECs by rat FasL was not due to species restriction.
We then tested whether rat ECs were sensitive to Fas-mediated apoptosis by FasL-expressing cells, a situation that could mimic leukocyte-mediated EC apoptosis during inflammatory conditions of the vessel wall. Rat aortic ECs incubated with increasing numbers of L5178Y effector cells expressing rat FasL (Table 1) , or mouse FasL (data not shown), showed a time-and dose-dependent increase in cell death, whereas incubation with nontransduced L5178Y cells resulted in no loss of cell viability (Table 1) . Rat aortic EC death induced by Fas-FasL interaction required a longer time and higher cell effector-to-target ratio compared to the A20 apoptosis-sensitive cells used as a positive control (Table 1 ).
In conclusion, resting rat and mouse ECs but not human and pig ECs die by apoptosis following expression of cell-surface FasL or interaction with FasL expressed by other cells.
Rat and Mouse ECs are Equally Sensitive as Human or Porcine EC to Staurosporine or Etoposide-Induced Apoptosis
We then asked whether rat or mouse ECs are more sensitive to other inducers of apoptosis compared to human or pig ECs. Incubation with staurosporine or etoposide resulted in a comparable decrease in cell viability in all EC types, whereas transduction with AdFasL resulted in decreased viability only in rat and mouse ECs (Fig. 4) . Thus, rat aortic ECs and mouse ECs showed increased sensitivity to Fas-induced apoptosis but not to other apoptotic stimuli.
In Situ Transduction of Resting Endothelium also Results in Apoptosis
Because ECs lining the vessels are essentially nondividing cells and receive multiple signals from underlying basement membranes and cells, in vitro cultured ECs may not readily reflect the sensitivity of normal ECs to Fas-mediated apoptosis. Therefore, we analyzed whether in situ transduction of rat endothelium with AdFasL would also trigger EC apoptosis. Incubation with AdlacZ used as a positive control of resting endothelium transduction resulted in numerous X-Gal-positive ECs (Fig. 5A) . Analysis of AdlacZ-transduced aortas, used as a negative control, showed no EC apoptosis as determined by annexin V binding (Fig. 5B) . As a positive control, transduction with AdIB followed by culture with TNF-␣ resulted in widespread EC apoptosis (Fig. 5C) . Transduction of aortas with AdFasL resulted in massive apoptosis of ECs (Fig. 5D) .
These results indicate that FasL expression in rat ECs within normal quiescent endothelium also results in apoptosis.
FLIP Expression is Reduced in Rat and Mouse ECs Compared to Human ECs
FLIP expression levels correlate with the sensitivity of human ECs to apoptosis through Fas (24, 26) . Therefore, we analyzed whether increased sensitivity to Fas-mediated apoptosis in rat and mouse ECs compared to human ECs could be associated with lower levels of FLIP. Western blot analysis with an anti-human FLIP polyclonal antibody revealed that human ECs (Fig. 6 ) and porcine ECs (data not shown) expressed the long (55-kDa) and short (25-kDa) forms of FLIP (FLIP L and FLIP S , respectively) and that FLIP L was more represented than FLIP S . 
Rat aortic ECs and A20 cells were labeled with 51 Cr, seeded in 96-well plates (10 4 cells/well) and incubated with increasing ratios of L5178Y effector cells expressing or not cell-surface rat FasL for the indicated times. *Results are expressed as the percentage of specific cell lysis.
Target Cells
Rat Aortic ECs A20
Human ECs expressed much higher levels of FLIP L compared to rat and mouse ECs, whereas FLIP S was expressed at comparable levels in all types of ECs (Fig. 6) . Recognition of mouse FLIP L in COS cells transfected with a mouse FLIP L expression plasmid ( Fig. 6 ) and comparable levels of FLIP S expression enabled the confirmation that this anti-human FLIP antibody crossreacts with FLIP from other species and that low levels of FLIP L in mouse and rat ECs is not due to lack of crossreactivity. Furthermore, Western blot analysis using an anti-human FLIP monoclonal antibody (clone Dave-2) also showed the presence of FLIP L in human and pig but not mouse ECs (data not shown). Therefore, although we cannot formally exclude that these antibodies raised against human FLIP have a lower reactivity with FLIP from other species, an increased sensitivity of rat and mouse ECs to Fas-mediated apoptosis was correlated with lower expression of FLIP L .
Increased Expression of FLIP by Rat EC Augmented their Resistance to Apoptosis Induced by Expression of FasL on the Cell-Surface Membrane
To test whether an increase in FLIP L levels in rat ECs could protect these cells from Fas-mediated apoptosis, we simultaneously expressed FasL and FLIP L . Expression of FLIP L by rat ECs after transfection with pCMVFLIP was confirmed by Western blot (Fig. 7A) . Cotransfection with plasmids coding for FasL and lacZ resulted in a significant decrease in the percentage of viable cells compared to cells transfected with lacZ alone (65.3 Ϯ 8.1 versus 100%, respectively, p Ͻ 0.05, n ϭ 4) (Fig. 7B) . The lower percentages of apoptosis observed after transfection compared to cultures transduced with AdFasL likely reflects the lower efficiency of DNA incorporation into EC using transfection versus adenoviral vectors. In contrast, cotransfection with plasmids coding for FasL and FLIP resulted in partial protection against apoptosis because percentages of viable cells were comparable to those of cells transfected with lacZ alone (84.1 Ϯ 11.1%, versus 100%, respectively, p Ͼ 0.05, n ϭ 4) (Fig. 7B) . As a control, cotransfection with plasmids coding for lacZ and FLIP yielded percentages of viable cells comparable to lacZ alone (95.5 Ϯ 6.3%, versus 100%, respectively, p Ͼ 0.05, n ϭ 4) (Fig. 7B) . These results suggest that constitutive low levels of FLIP in rat ECs are responsible for rat EC sensitivity to apoptosis induced by Fas-FasL interaction, but it is possible that other mechanisms may also contribute to this phenomenon.
Discussion
Human ECs have been shown to express low levels of cell membrane FasL and TNF-␣ has been shown to down-regulate its expression and result in tissue infiltration by leukocytes (20) . In contrast, mouse ECs showed absence of FasL cell-surface expression (21) . FasL has also been shown to be preformed and stored in the cytoplasm of monocytes (12) , NK cells, ECs of mouse (17, 21) and human origin (20) have been shown to express low levels of Fas and the present report shows expression of functional Fas in rat ECs; FasL-L5178Y cells and FasL expression by ECs induced their apoptosis. Although resting human ECs from large vessels have been shown to be resistant to apoptosis mediated by anti-Fas or AdFasL transduction (20, 39) , ECs from subretinal capillaries were sensitive (25) . Furthermore, incubation with oxidized lipoproteins or absence of matrix attachment leads to apoptosis of human ECs via Fas (24, 26, 27) . Importantly, and similarly to rat ECs, resting mouse ECs were killed by Fas ligation using agonistic anti-Fas antibodies (19, 21) or soluble FasL (19) in vivo. Furthermore, ECs from the liver and spleen but not from the lung are damaged by a Fas-mediated mechanism in mice with IL-2-induced vascular leak syndrome (17) . Additionally, resting human microvascular ECs but not aortic human ECs showed Fas-mediated apoptosis induced by plasma from patients with thrombotic thrombocytopenic purpura (16) . Therefore, there is heterogeneity in Fas-mediated and CTLs (13) , but intracellular expression of FasL in ECs has not been previously reported. The susceptibility of rat and mouse ECs to FasL-mediated apoptosis supports our results showing absence of detectable cell-surface FasL on these cells. EC apoptosis depending on the activation state, and on the species and organ origin of the ECs.
An adenovirus coding for mouse FasL has been used to reduce chronic rejection in a rat aortic allotransplantation model (41) . This is in apparent contradiction with our results, but in the previous study transduced aortas were transplanted in an allogeneic combination and analysis of apoptosis in rat ECs after transduction were not reported.
Resting human ECs have been shown to express only FLIP L and not FLIP S in most (26, 27, 42) but not all previous publications (24) . Induction of Fasmediated apoptosis in human ECs cultured with oxidized low-density lipoprotein (26, 27) or in the absence of matrix attachment (24) was associated with down-regulation of FLIP L or FLIP S , respectively. Protection against apoptosis was augmented via increased FLIP L expression (26, 27, 42) and was associated with inhibition of caspase-8 activation (27) . FLIP L seems to be a more potent inhibitor of apoptosis than FLIP S (43) . The present results in rat and mouse ECs show that sensitivity to apoptosis was dependent on FLIP L levels; these cells expressed much lower levels compared to human ECs and showed increased resistance to Fas-mediated apoptosis after FLIP L overexpression. Results on the regulation of FLIP levels in human ECs are contradictory. One study showed positive regulation by the phosphatidylinositol 3'-kinase and the serine/threonine kinase Akt pathway and not by the mitogen-activated protein kinase/Erk cascade (27) , whereas another study showed the opposite (24) . The relative role of these two pathways in regulating FLIP levels in rat and mouse ECs compared to human ECs is presently under analysis.
Transgenic mice expressing FasL in ␤ cells of pancreatic islets (10), lymphocytes (44), cardiomyocytes (11) , and thyroid epithelial cells (45) have been described but no reports are available on transgenic animals for FasL expressed on ECs. Depending on the level of FasL expression, several (10, 11) but not all (45) of these models showed cell apoptosis, leukocyte infiltration, and tissue lesions. The apoptosis of rat ECs expressing cell-surface FasL either in vitro or in situ after adenovirus-or plasmid-mediated expression, as well as in vivo studies in mice, suggests that the lack of transgenic rats expressing relevant levels of cell-surface FasL is due to apoptosis of ECs in vivo, probably resulting in nonviable animals. Previous results suggested (28) and our results demonstrate that pig aortic ECs are not killed after expression of FasL in vitro. On the one hand this suggests that the generation of pigs transgenic for FasL expressed in the endothelium could be a feasible and relevant strategy for xenotransplantation into humans. On the other hand, the fact that the activation state as well as the species and tissue origin (macrovascular versus microvascular ECs) of ECs modulates their sensitivity to apoptosis induced by Fas-FasL interaction also indicates that the result of overexpression of FasL by EC of pig organs is difficult to predict.
In conclusion, these results show species differences on the sensitivity of ECs to apoptosis by the Fas-FasL system depending on expression of membrane FasL and levels of FLIP L . Therefore, the apoptotic effect on ECs of FasL expressed on the cell membrane by leukocytes or by ECs after genetic engineering and the role of Fas-FasL interactions in vascular inflammatory conditions will have different outcomes depending on the activation state, vascular territory, and species in which these studies are performed.
